Internal waves occur due to a combination of density stratification, bathymetry, and tidal effects and have been observed in many parts of the world. Recent discoveries of oil and gas reserves in areas where these phenomena are prominent have caused concern for field development. There have been several incidents where adverse effects were reported due to the effect of these waves on offshore platforms. This paper studies the effects of these waves on tension leg platforms (TLPs) and semi-submersible platforms within a coupled analysis framework. The physics is modeled by the second order Korteweg-de Vries (KdV) equation obtained by simplification and scaling of the Boussinesq approximation. A solution involving Jacobian elliptic functions coupled with a structure function that captures the effect of the pycnocline is utilized to model the wave. The model is implemented in a coupled analysis framework, and time domain simulations are performed to study the effects on a TLP and Semi configured to the developmental requirements and environmental conditions of an internal wave prominent area. Previous results showing the effects of internal waves on Spar platforms are also presented for comparison purposes. Two different internal waves with heights of 90m and 170m are utilized for the study. The impact of these waves on platform motion, tendon and mooring line tension are presented in this paper.
Introduction
Waves that travel within the interior of fluids are commonly found in both the atmosphere and oceans. The main driver for these internal waves is the stratified density structure within these fluids. There has been extensive research on this phenomenon both in the field of atmospheric sciences, as well as the ocean sciences. [1] [2] [3] Features associated with the internal waves in the ocean were reported several centuries ago during Viking times as dead water and "tidal rips" in nautical literature. However, it was John Scott Russell who in 1838 first clearly identified the phenomenon based on his observation of such a wave in a Scottish channel. While lore has it that he followed the wave on horseback for several miles, it was Korteweg and Vries who pursued the theoretical concepts behind the phenomenon and first provided a coherent mathematical description that explained the physics behind the wave. [4] Since then there have been several studies examining all aspects of these waves. Most of these studies have been in the physical and theoretical realm [5] [6] [7] [8] [9] , and it was not until the 1970's that the effects of these waves on offshore platforms became a topic of interest to researchers and engineers. Internal waves have been observed during drilling operations by the Discoverer 534 drillship in the Andaman Sea [10] , and since then there have been several incidents arising from the engagement of these waves with offshore structures.
The numerical modeling of these waves and their impact on offshore platforms has been emerging area of study due to the discovery of oil and gas fields in places where these waves are prominent. There have been several recent studies on the effects of these waves on various floating structures such as offshore drilling units [11] , Spars [12] [13] [14] , OTEC platforms [15] , and FLNG offloading vessels. [16] The current paper, to the author's knowledge, is the first study that presents a comparative investigation on the influence of internal waves on TLP and Semi platforms in a coupled analysis framework in which the hull, risers and moorings are considered as an integrated system. Some results from a previously published study on Spar platforms designed for the similar field conditions are also discussed for comparison purposes. [13] The formulation adopted in this paper models several crucial characteristics of solitary wave trains, including the addition of oscillations per Brunt-Vaisala period, and thus is quite useful for capturing the temporal effects of the waves on offshore platforms.
Discussion

Observations of Internal Waves.
Measurement and assessment of internal waves have evolved over the years. In situ measurement devices include the Acoustic Doppler Current Profiler (ADCP), which can record current speed and directions at specific time intervals and current transformer (CT) sensors to record temperature and conductivity. Vertical arrays of thermistors have been used since the 1960s to estimate the characteristics of internal waves. Later advances in remote sensing led to better estimation of the nature and ubiquitousness of these waves around the world. While it was earlier shown that radar scattering from surface waves could be used to gather information on these waves, it was the launch of the SEASAT satellite and the use of synthetic aperture radar (SAR) that led to measurement of surface signatures to document the widespread existence of these waves around the world. These signatures arise from the distortion of the surface wave field by the current field due to the internal wave. Data from SARS sensors are not seen to be affected by cloud cover or solar brightness. In addition these sensors are sensitive to small changes in ocean roughness at the order of the radar wavelength thus making them the prime choice for measuring the surface signatures of internal waves. Global maps of these waves have been constructed to provide engineers and scientists with a useful compendium of knowledge that can be used for future analysis and studies. Figure 1 demonstrates the widespread occurrences of internal waves around the world compiled in the Atlas of Oceanic Internal Solitary Waves. [17] Soliton Early Warning Systems (SEWS) have been recently developed to provide advance notice of internal waves to offshore platforms and were deployed in 2008 for a drilling campaign in the Andaman Sea. [18] Two buoys fitted with data transmitters, current meters, and thermistors were deployed in the path of the soliton between the generation site and the drill rig. The location of the buoys was determined to provide a minimum advance warning period of 10 hours. The current speed, temperature, and conductivity measured by these instruments were then transmitted by satellite to a receiving station, where the arrival time to the offshore platform along with the wave speed and current speed were estimated. An advance warning system with predetermined thresholds for warning levels depending on the estimated current speed was established. Based on the level of warning, rig safeguard procedures ranging from tightening the anchor wires to disconnection of the drill string was adopted. Since the internal wave properties change as it travels from the buoy locations to the drill site, a model which captures the spatial, as well as the temporal, characteristics of the solitary train would be useful in estimating the loads on the platforms.
Canonical Description of Internal Waves.
The bird's eye view of the SARS radar has been used to complement the in situ measurements obtained at sites of interest to gather a three-dimensional canonical picture of internal waves. Study of these waves has identified three distinct phases during their duration: a generation phase followed by a propagation phase, and culminating in a dissipative stage. While the generation and dissipation phases have been the subject of several studies [19, 20] , the current paper focuses on the propagation phase, since this is usually the stage that interacts with offshore platforms. The number of cycles in this phase varies with the time of evolution and distance from the generation site. The oscillations are seen to be non-sinusoidal with the amplitude, wavelengths, and crest lengths decreasing from the front of the packet to the rear. The numbers of oscillations are seen to increase with time, with a new oscillation added per the buoyancy period.
Analytical Model.
Modeling all the characteristics of the internal wave would involve solving the full Navier Stokes equation. However, since the computational power and time required capturing the spatial and temporal scale of the internal waves is quite large, several analytical models have been developed to simplify and shorten the process. While evolution equations have been proposed to model internal waves with finite depth or deepwater effects [6, 8, 9] , these again would require constructing grids to capture the spatial scale, thus making them computationally expensive and time intensive. While single soliton models based on fully nonlinear theories have been previously proposed and have several advantages [21, 22] , a weakly nonlinear wave model that captures the temporal effects of internal solitary trains is considered in this paper. The model is based on the Bousinesq approximation to the Navier Stokes equations, where small density changes are neglected in all terms except the buoyancy terms. In fact it is seen that the buoyancy term is crucial to capture the effect of internal waves. The Bousinesq approximation is then further simplified and rescaled to get the two dimensional Korteweg-de Vries equation shown below [4] .
where is the amplitude of the internal wave, c 0 is the long wavelength phase speed, and and are environmental parameters describing the dispersion and nonlinearity, respectively. The environmental parameters for the KdV equation have been estimated for several geographic locations around the world and were presented in the Atlas of Oceanic Internal Solitary Waves.
[17] Thus, the model can be used for preliminary estimations of the effect of internal waves on offshore platforms based on the published data in the absence of more recent met-ocean studies.
Since the purpose of this paper is to conduct a generic study on the effects of internal waves, several additional assumptions are also adopted. The ocean is assumed to consist of two layers, which can be considered as an acceptable approximation to a sharp pyncocline found in several parts of the planet. The wavelength is assumed to be long, while the amplitude is assumed to be small compared to the upper water depth. While a cubic KdV would be more appropriate to model waves where these assumptions are relaxed, previous studies have not shown the effects of the higher order model on the velocity to be significant. [23] [24] The dnoidal solution of the KdV equation adopted in this paper was first formulated by Gurevich and Pitaevskii [25] [26] in the context of shock waves in plasma and subsequently utilized by Apel [27] to model internal waves. While the KdV equation has several solutions including the secant hyperbolic model and the cnoidal model, the dnoidal model was found to be most appropriate to capture the characteristics of the internal wave. The dnoidal model has the form
where s is the elliptic modulus. The elliptic parameter varies from 0 to 1 and was originally derived in terms of the space time ratio, τ, where
As τ varies from -1 to 2/3, s varies from 0 to 1. However, since the original function is seen to be analytically noninvertible, a formulation in terms of the error function is adopted as noted below
where β and φ are obtained from observations of internal waves and are parameters that govern the distribution of wavelengths and number of oscillations over the wave packet.
The parameters k 0 and V in equation (2) can be written in terms of the KdV environment variables as follows:
The solution is also modified to include the effect of the recovery of the pycnocline to the equilibrium position via the recovery function given as
where A, χ, and x a are parameters that control the shape of the recovery function.
The Taylor Goldstein equation captures the effect of the pycnocline on the internal wave and is given as
where N is the buoyancy frequency given by
ρ 0 is the nominal density of the ocean, U is the background current velocity, while c is the phase speed. The solution of this equation can be obtained by shooting methods or matrix methods, and the latter is adopted, as it guarantees that all the modes within the resolution can be captured. 
where h 1 and ρ 1 are the thickness and density of the upper layer, while h 2 and ρ 2 are the thickness and density of the lower layer.
By incorporating all the components and functions described above the final form of the model is obtained for the first mode as
The velocities and accelerations are obtained by utilizing the continuity equation and the nonlinear kinematic boundary condition. [27] Internal Solitons in the South China Sea. The internal waves in the South China Sea are sill-generated and occur due to the effect of semidiurnal tides and the Kuroshio current. [28] An example depiction is provided as Figure 2 above. Most of the solitons are thought to be generated by a sill between the Bata and Sabtang islands and propagate westwards towards Dongsha island. These waves can have amplitudes of up to 200m and occur when the ocean tides are converted by the ridge into internal tides. These tides then metamorphose into undular bores, which leads to the formation of solitary wave trains.
Environmental Parameters.
The platforms were designed to operation/survival conditions and internal waves observed in the South China Sea. The platforms were assumed to be placed at the Liwan 3-1 gas field, located in block 29/26 in the South China Sea, 350km southeast of Hong Kong in the Pearl River Mouth Basin. The site water depth is assumed to be 1219m (4000feet) and a pycnocline 200m below the surface is considered for the analysis.
Surface wave, wind and current.
The summary of regular environmental conditions is presented in Table 1 . These correspond to waves with return period of 100-year and 1-year, respectively. A representative internal wave that captures the characteristics in the South China Sea is modeled based on satellite observations. The numerical model created and the corresponding satellite pictures are shown in Figure 3 . It is observed that the created wave observes rank ordering of the amplitude, wavelengths, and crest lengths from front to rear as is characterized in the canonical description. Both an intermediate internal wave (with 90m amplitude) and an extreme wave corresponding to an amplitude of 170m were considered for the analysis. The input parameters for the waves are shown in Table 2 . The waves were assumed to coexist only with the operating wave conditions and are not applied during the survival condition. The internal wave development time was chosen to form a desired geometry of the solitary train based on observable data and was determined to be 30,000 seconds and 10,000 seconds for the 90m and 170m waves, respectively. The time span between the first and second peaks for the 170m wave was calculated to be 26.5 minutes, while for the 90m wave it was 16.7 minutes. The corresponding durations between the second and third peaks were 18.3 minutes and 11.8 minutes for the 170m and the 90m internal waves, respectively. Table 3 summarizes the group speed and maximum horizontal velocity of the internal waves. Figures 4 -6 show the wave height and scaled velocity distributions for the 170m internal wave. The horizontal velocity is directly proportional to the derivative of the structure function and thus changes its polarity at the pycnocline. It is thus positive above the pycnocline and negative below it. The accelerations are smaller than the velocities and thus have significantly lower contribution to the platform motion. The internal wave model was incorporated into the coupled hull hydrodynamics, mooring and riser program HARP. The 3D diffraction/radiation preprocessor WAMIT was utilized to obtain the hydrodynamic coefficients including added mass, radiation damping, wave forces, and mean drift forces of the platform in frequency domain. These coefficients were then converted into the time domain, and the mooring dynamics coupled with hull motions were solved at each time step by a nonlinear FEM program using high-order elements. Newman's approximation, where the QTFs are based on the mean drift forces, was applied in the analysis. The calculation flow chart of the program is shown in Figure 7 below: Two production platforms, a Semi and TLP designed for the same field with compatible process capability, were analyzed in the current study. The coupled analysis model included the platform hull, mooring lines, and risers. The moorings and risers were connected to the platform hulls using springs with corresponding stiffness. The portions of the mooring chain and SCR on the seabed were modeled with contact springs to simulate the soil stiffness and drag. Figure 8 demonstrates the internal wave initial setup relative to the platforms coupled analysis model. The front of the internal wave at the beginning of simulation is 1000m away from the platform origin. The structure function W(z), which represents the distribution of the internal wave along the water depth, is also shown in the same figure.
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Figure 8. Coupled Analysis Models for various platforms and Internal Wave Initial Setup
Semi Production System.
Semi Description.
The production Semi key figures are summarized in Table 4 below: The Semi configuration and the mooring line properties are shown in Figure 9 and Table  5 , respectively. The Semi coupled analysis model and the hydrodynamic panel model are presented in Figure 10 . The model was constructed with 5232 panels. The analysis model also included two import SCRs and two export SCRs. 
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Figure 10-Semi Coupled Analysis Model
Semi Analysis and Results. Three-hour time domain dynamic analyses were performed for both internal wave heights of 90m and 170m. The operational and survival conditions were also analyzed without the presence of internal waves for comparison. The Semi motions and the top tension time histories of the mooring line (#3) subject to the highest loads for the 170m height internal wave are shown in Figures 11 to 14 . The motion statistics and the maximum mooring line tension with corresponding utilization ratios are summarized in Table 6 and 7, respectively. 
TLP Description.
The production TLP key figures are summarized in Table 8 below: The TLP configuration and its tendon properties are shown in Figure 15 and Table 9 , respectively. Figure 16 presents the TLP tendon configuration. The TLP coupled analysis model and the hydrodynamic panel model are presented in Figure 17 . The analysis model also includes 8 production TTRs, 1 drilling riser, 2 import SCRs, and 2 export SCRs. Three-hour time domain dynamic analyses are performed for the same conditions of the Spar and Semi cases. The Semi motions and the top tension time histories of the mooring line (#10) subject to the highest loads for the 170m height internal wave are shown in Figures 18 to  21 . The motion statistics and the maximum tendon tension with corresponding utilization ratios are summarized in Table 10 and 11, respectively. 
Spar Production System.
Previously published results for a production truss spar platform designed for the same field and same environmental conditions [13, 29] are presented in this section for comparison purpose. The reader is referred to the original publications for the details of the analysis.
The production truss spar key figures are shown in Table 12 while the results are presented in Tables 13 and 14 . Spar Analysis and Results. 
Summary and Conclusion
A particular solution of the second order KdV equation for weakly nonlinear waves has been adopted to study the effects on these waves on TLPs and semis-submersible platforms. The model captures the temporal effects associated with solitary wave trains and thus can be used in a real time monitoring framework to gage the wave forces on the platform. Due to the long period nature of internal waves the impact on platforms can be analyzed separately and be superimposed to wind and wave analysis.
It is also observed that the internal waves mainly impact the Semi offset and pitch motions. However, the values are still below the maximum values from the survival case. Therefore, the Semi can be assumed to pass the internal wave design criteria if it is designed for the 100-year survival condition. It is also seen that the TLP will have larger offset and heave motions under internal wave, even if its tendon is still safer than in the case of design survival condition. It is recommended that top-tensioned risers on Spar and TLP platforms should be designed with the consideration of the large offset of the platform due to the presence of internal wave. Since the Semi is for wet-tree production, top-tensioned risers are not present and thus are not affected by the internal wave. The platform that is most impacted by the internal wave is the Spar platform, as it showed significant offset, heave, and pitch motions.
